Organized growth of high aspect-ratio nanostructures such as membranes is interesting for opto-electronic and energy harvesting applications. Recently, we reported a new form of InAs nano-membranes grown on Si substrates with enhanced light scattering properties. In this paper we study how to tune the morphology of the membranes by changing the growth conditions. We examine the role of the V/III ratio, substrate temperature, mask opening size and inter-hole distances in determining the size and shape of the structures. Our results show that the nano-membranes form by a combination of the growth mechanisms of nanowires and the Stranski-Krastanov type of quantum dots: in analogy with nanowires, the length of the membranes strongly depends on the growth temperature and the V/III ratio; the inter-hole distance of the sample determines two different growth regimes: competitive growth for small distances and an independent regime for larger distances. Conversely, and similarly to quantum dots, the width of the nano-membranes increases with the growth temperature and does not exhibit dependence on the V/III ratio. These results constitute an important step towards achieving rational design of high aspect-ratio nanostructures.
Introduction
In recent years there has been strongly increasing interest in the growth and fabrication of nanostructures, motivated by the constant decrease in the characteristic size of electronic devices [1] [2] [3] but also due to the increase of functionality of materials when reduced to the nanoscale [4] [5] [6] [7] [8] . Nanoscale structures are most commonly obtained in the form of nanowires. Interestingly, growth at the nanoscale allows materials to form other peculiar structures such as nanotrees [9] , tripods and tetrapods [10, 11] , nano-membranes, nanowalls and nanoplates [12] [13] [14] [15] [16] [17] [18] [19] [20] . The possibility of modifying the shape of nanostructures in bottom-up manner opens new perspectives in research areas where surfaces and shape is important such as: energy storage [21] , energy generation [22, 23] and non-linear optics [24, 25] . For all this to become a reality, detailed studies on the formation mechanisms of novel nanoscale shapes are extremely important. At the same time, there has been a significant effort towards the growth of ordered nanostructures by a combination of top-down and bottom-up processes [26, 27] , and towards the integration of III-V nanostructures on silicon [28] [29] [30] [31] [32] [33] [34] . The ordered growth of nanostructures on silicon opens many new perspectives as it enables to combine two very powerful platforms. The advantage of growing III-Vs in the form of a nanostructure is that the small footprint of nanostructures and their free-standing nature result in a very efficient strain relaxation at interfaces. As a consequence for moderate strain, coherent growth without misfit dislocation is possible [35] and when dislocations occur at larger misfit, they do not propagate in the vertical growth direction [36, 37] . A key requirement for the integration of nanostructures on silicon is the use of Si [001] as substrate. This is the platform in use in all the microelectronics industry, as CMOS fabrication on [110] or [111] surfaces have traditionally been hampered by their inferior gate oxide reliability. Only few groups have reported on the growth of III-V nanowires in the [001] direction [38] [39] [40] , which has the additional advantage of suppressing the formation of extended planar defects and polytypism within the nanowires. We recently reported on a new form of III-V compound semiconductor nanostructures growing epitaxially as vertical wing-shaped membranes on [001] silicon substrates by solid source molecular-beam epitaxy (MBE) [24] . The nano-membranes are self-catalyzed and positioned in regular arrays of holes in a SiO 2 mask. We showed that they originate from two opposite facets of a rectangular pyramidal island and extend along two opposite 111 B directions, forming flat {110} walls. We also showed that these membranes scatter light in an extremely efficient manner, rendering them extremely interesting for intrinsic light management applications. While in this initial work we provided a microscopic model for the formation of the membranes, no discussion on the effect of the growth conditions on the morphology of the membranes was provided. Such a study is necessary in order to complete the understanding on the growth mechanisms and to distinguish it from the growth mechanisms of nanowires.
In this work we present a detailed study on the effect of the growth conditions on morphology of the V-shaped nano-membranes. In particular, we look into the role of the V/III ratio, substrate temperature, mask opening size and inter-hole distances in determining the size and shape of the membranes. We characterize the structures by Raman spectroscopy and we analyze the effect of the growth temperature on the crystal phase. This work opens a new path towards controlling the shape of bottom-up nanostructures.
Experiments
InAs membranes have been synthesized by molecular-beam epitaxy in a DCA P600 system. We have used [001] p-doped silicon wafers with a resistivity of 0.1-0.5 cm, patterned with holes with diameters ranging from 100 to 180 nm and inter-hole distances (the same are also defined as pitches in the following) ranging from 200 to 2000 nm. The growth mask consisted of a 20 nm thick SiO 2 layer of thermal oxide. The pattern has been predefined in a ZEP resist with electron-beam lithography and has been transferred on the oxide layer by a 12 s 7:1 buffered HF wet etch. Prior to the introduction in the MBE chamber, a further 2 s dip in the buffered HF solution was performed in order to guarantee a pristine surface. The substrates were subsequently degassed at 600 • C for 2 h in UHV and then transferred to the growth chamber, where they were again heated to 770 • C for 30 min to further remove possible surface contaminants. The growth was carried out at a nominal In growth rate of 0.2Å s −1 , As 4 partial pressure between 0.2 and 1.15 × 10 −5 Torr (BEP), temperatures between 440 and 540 • C, and with 7 rpm rotation. Once the growth temperature had been reached, both sources (As and In) were opened at the same time and then switched off simultaneously at the end of the growth. The samples were then cooled down to 200 • C and removed from the reactor.
The morphology of the samples was characterized by scanning electron microscopy (SEM). We used the imageprocessing package ImageJ [41] to automatically analyze the features shown in the pictures. Statistical information such as the length and width of the membranes are obtained by scanning top view images. The length is given by the Feret diameter, defined as the longest segment between any two points on the object (the membrane) perimeter. In the case of our membranes, this length represents the projection of the membrane's arms on the plane (001). The real length of the membranes is obtained by dividing the measured length by the cosine of the angle between the arm and the substrate (34 • ). The width is in turn determined by the length of a segment connecting the two points with the greatest orthogonal distance from the Feret diameter and orthogonal to their tangents. When considering the distribution of lengths in order to characterize their statistical properties, it must be taken into account that the sample may also include connected membranes [24] . In the simplest case of two connected membranes, the typical length of these structures is approximately twice the length of a membrane, in the case of three connected membranes it would be approximately thrice and so on. This requires a special care in computing the statistical properties of the sample: for example, if the multiple membranes are included in the calculation of the mean (of a single membrane) they would artificially increase the result. We handled this complication by modeling the distributions of lengths with a so-called Gaussian Mixture Model (GMM): mixture models are used in statistics when distinct subpopulations are present in a given population [42] . In our case the first subpopulation (or component, as they are also referred to) corresponds to all the single membranes (i.e. not connected with others), the second subpopulation corresponds to all the two connected membranes etc. Given that the only source of variation within each subpopulation is random, it is reasonable to model each subpopulation with a Gaussian distribution with its mean and variance. The whole population is then described as the (normalized) distribution given by the sum of all the Gaussian components (hence the name of the model). In our analysis, GMM have been fitted by using the expectation-maximization (EM) algorithm, 3 [43] with a procedure available in the statistical package R [44] . In 3 The EM algorithm computes efficiently the maximum likelihood estimation (MLE) in the presence of missing or hidden data by iterating two processes: the E-step, and the M-step. In the expectation, or E-step, the missing data of the complete data likelihood are estimated; in the M-step, the likelihood function (the expectation computed in the first step) is maximized. These two steps are repeated as necessary. The iteration is guaranteed to increase the likelihood and the algorithm is guaranteed to converge to a local maximum of the likelihood function.
the following we will focus on the statistical properties of the single membranes component, leaving an analysis of the other components for future works.
Back-scattering micro-Raman spectra were taken on individual nano-membranes grown at temperatures from 440 to 540 • C. The measurements were taken at room temperature with the 520.8 nm Ar-Kr laser line as excitation source focused through a 63×objective (NA 0.75). The power was kept low enough to prevent heating of the structures. The crystalline structure of the InAs membranes has been analyzed with a Philips CM300 electron microscope operated at 300 kV from the Centre Interdisciplinaire de Microscopié Electronique (CIME) at EPFL Lausanne.
Temperature dependence
Examples of InAs V-shaped membranes grown at various temperatures ranging from 440 to 540 • C under an As 4 partial pressure of 8.5 × 10 −6 Torr (BEP V/III = 51) are reported in figure 1. The scanning electron microscopy tilted images (30 • ) show the wing shape of the nanostructures with arms branching towards two 111 B directions [24] . The substrate temperature has a critical role on the size and the shape of the membranes. At 440 • C the tips of the membranes form flat surfaces. The section of the membranes reminds of a rectangular shape rather than a triangle. Since at these temperatures the diffusion length of In adatoms is low, the atoms depositing on the membranes cannot move easily and so they tend to accumulate in the valley formed between the arms increasing the interface height. At the higher temperatures of 480 and 500 • C, the arms of the membrane assume a triangular shape and the tip becomes sharper. It is suggested that the increased diffusion length of the In adatoms allows the atoms to reach the extreme regions of the membrane where nucleation occurs, thus explaining the wing shape and its elongation towards a sharper tip. For growth temperatures above 520 • C the tips become rounded, the arms assume again a rectangular shape and the interface height is further reduced. This shape evolution can be understood in terms of a temperature-activated group III adatom desorption mechanism; recent reports show that indium desorption from a (111) Si surface and from a pattern containing InAs nanowires becomes relevant at substrate temperatures between 520 and 570 • C [45] . At 540 • C, the nucleation yield drops since most of the In adatoms and InAs are desorbed. The nucleation is observed in only few membranes and these develop with very short and thicker arms. Figure 2 summarizes the statistical analysis of the membrane morphology as a function of the growth temperature for a mask opening of 100 nm and a pitch of 1000 nm. Similar results are obtained for other opening sizes. We choose this pitch because a pitch-less dependence on the morphology is only observed for a pitch of 1000 nm or higher. The dependence of the morphology on the pitch will be discussed in more detail in section 4.
For a fixed growth time of 1 h, the membrane length reaches values of 1500 nm at 480 • C while both lower and higher temperature yielded maximum lengths below 700 nm. A similar trend has been observed several times in the growth of InAs nanowires [46] [47] [48] [49] [50] [51] : the decreasing of the length by increasing the temperature above 480 • C is related to the increased thermal decomposition rate along the InAs 111 growth direction, while the decreasing of the length by decreasing the temperature below 480 • C can be explained by the reduced diffusivity of adatoms and hence their decreased incorporation probability at the nanostructure tip, limiting the growth along the 111 B direction. As it has been done in other works [52] , we fitted the length of the membranes as a function of the inverse temperature (not shown). The results of our fit between 440 and 480 • C show that in this range the 111 growth rate is surface kinetically limited with an activation energy of 21.5 ± 3.3 kcal mol −1 (0.94 ± 0.14 eV). This value is in good agreement with the activation energy obtained by Björk et al [52] for the same material system. The length and the width are plotted as a function of the substrate temperature, for pitch = 1000 and for opening size = 100 nm. Similar behavior is observed for other pitches and opening sizes. The length of the membranes first increases and then decreases with increasing temperature. In contrast, the width always increases with increasing temperature. At low temperature it reaches a plateau.
In contrast to the length, the width of the membranes increases with temperature. The variation with temperature is weak up to 480 • C, while above this value it becomes similar to what has been observed for self-catalyzed InAs nanowires [47, 53, 54] , and shows a pronounced dependence on the temperature. This behavior of the membrane width could be explained by the temperature dependence of the formation of the initial nucleus from which the arms develop: a pyramidal quantum dot [24] . The arms consist of (011) and (011) surfaces. On these planes the nucleation is relatively slow compared to 111 B. Lateral growth occurs via step-flow, in agreement with the absence of tapering (homogeneous thickness). The width of the membrane is thus the distance between the two opposite {110} planes and it is mainly determined by the width of the initial quantum dot. Indeed the width of a nucleus obtained after 5 min growth at 520 • C is 69 ± 9 nm and the width of the membranes after 1 h growth in the same conditions is 73 ± 9 nm.
A vast literature exists on the formation of InAs quantum dots on Si and GaAs, some of the studies including the critical growth parameters on the morphology [55] [56] [57] [58] [59] [60] [61] . For substrate temperatures above 480 • C, one observes that the quantum dot size increases with the temperature, with a scaling law similar to what we measure for the width of the membranes [60, 61] . This is explained by considering the mechanisms of quantum dot formation. After the formation of the quantum dot, the strain relaxation in the island results in a strain concentration at the island edge. The adatoms initially forming the wetting layer surface need to overcome an energy barrier µ before relax forming the island. An increase in the growth temperature leads atoms to overcome the energy barrier µ more frequently. As a consequence, the size of the quantum dot increases with the substrate temperature [62] .
We turn now our attention to the evolution of the growth selectivity, namely the preferential growth of the membranes on the silicon surface of the openings rather than on the SiO 2 of the growth mask, as a function of the temperature. In figure 3 we see low magnification planar view SEM images of InAs membranes grown in the conditions previously described, on patterns with opening size of 100 nm and inter-hole distances 400 nm (a)-(f) and 1800 nm (g)-(n). The growth selectivity depends strongly on the growth temperature. At very low temperature, 440 • C, there is parasitic growth on the oxide in the form of InAs particles and the yield for the growth of membranes is around 20%. By increasing the substrate temperature up to 480 • C, the parasitic growth decreases while at the same time the yield improves significantly. For temperatures above 480 • C, the parasitic growth on the SiO 2 disappears completely, as the indium desorption rate on the oxide becomes significantly larger than the deposition rate [27, 63] . Figure 4 shows the length projected to the (001) plane and the width of InAs membranes grown at As 4 partial pressure of 8.5 × 10 −6 and substrate temperature of 480 • C in function of the pitch and the hole size. The length of the membrane increases with the pitch up to a size of 800 nm and then saturates ( figure 4(a) ). Growth occurs in two different regimes depending on the value of the pitch. These two regimes correspond to: (i) competitive growth regime characterized by shorter membranes for small pitches and (ii) diffusion limited or independent growth regime for longer pitches. The switch between the two regimes is determined by the indium surface diffusion length on SiO 2 (λ SiO 2 ). λ SiO 2 limits the sample area from which each membranes can collect the In species which are diffusing on the sample. For a small spacing (pitch < 2λ SiO 2 ), the indium adatoms are shared between the membranes. By increasing the spacing, the surface collection area available exclusively to each single membrane increases, resulting in a linear increase of the growth rate. In the opposite limit of a large spacing (pitch > 2λ SiO 2 ) the membranes can be treated as independent isolated islands. In this regime the surface collection area saturates and the growth rate is no longer dependent on the pitch. Similar observations have been done by other groups examining the growth of nanowires on pattern [46, 64, 65] . The width of the membranes does not show a significant dependence on the pitch ( figure 4(b) ). This can be related to the different • C (a) and (g), to 460
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• C (f) and (n). In these images the inter-hole distances are 400 nm (a)-(f) and 1800 nm (g)-(n) and the opening size is 100 nm. The scale is the same in all images. The image shows how the membrane growth selectivity strongly depends on the growth temperature and improves as the temperature increases. growth rate dependences of (111) B and {110} surfaces on the growth conditions, as already shown by Björk et al [52] . In general, the length of the membranes increases with the pitch for all temperatures grown. One should note that: (i) in the competitive regime, the higher is the temperature the lower is the overall variation of the membrane length. One can also say that the variation between the length at 200 nm and the one at 2000 nm decreases by increasing the temperature; (ii) in the independent regime, the maximal length decreases by decreasing the temperature, consistently with figures 1 and 2.
The role of the hole size is analyzed in figures 4(c) and (d): the length of the membranes slightly decreases with larger opening sizes, while their width increases. To explain this behavior we focus on the growth mechanism of the membranes. Since the InAs island is formed at the very beginning of the process, we speculate that a major contribution to the formation of the quantum dot is given by the indium diffusing on the 001 Si surface, i.e. the indium deposited directly into the holes. The size of the opening will thus determine the dimension of the quantum dot and in turn the width of the membrane. This has been observed by other research groups before [66, 67, 27] and our measurements confirm the findings (data not shown).
The opening size will also determine the size of the lateral facets on which the wings of the membrane grow as they scale with the size of the initial seed. One should note that the increase in width and decrease in length of the membranes with the hole size means that the total volume of the membrane is conserved and does not depend on the hole size.
V/III ratio dependence
For these experiments we have chosen 520 • C as substrate temperature as it has shown zero parasitic growth and a good yield. In the set of high magnification 30 • tilted SEM images reported in figure 5 , we varied the V/III ratio from 6 to 60, by keeping the growth time for all samples equal to 1 h. At a V/III ratio 6 we do not observe any growth of membranes. We find only indium droplets on the surface and no island, nanowire or membrane formation. It has been seen in the past that a too low V/III ratio could lead to an indium-terminated (001) Si surface which in turn would inhibit the formation of InAs islands [68, 52] . The length of the membranes increases with the V/III ratio (graph in figure 5 ). We did not observe any saturation of the length for the V/III ratios used. This behavior is in agreement with group V-limited growth mechanism. The width of the membranes is independent of the V/III ratio (data not shown).
General structural characterization by Raman spectroscopy
Having determined the effect of the growth conditions on the morphology of the V-shaped nano-membranes, we now characterize the crystal structure by Raman spectroscopy. Raman spectroscopy reports on the phonon spectrum of a material, which constitutes a fingerprint of the crystal structure. This technique has often been used in the characterization of polytypism in III-V nanostructures [69] [70] [71] . It possesses the advantage that it allows a fast non-destructive measurement and therefore the realization of a high number of measurements and statistics on a same sample. Figure 6 shows the normalized typical spectra obtained for single membranes grown at different temperatures. Most of the spectra show a main Raman feature at around 210 cm −1 and a less intense peak at ∼232 cm −1 .
Membranes grown at the lowest temperature of 440 • C are not considered for consistency, since the high degree of parasitic growth does not allow to optically discerning nanomembranes from the rest of deposited material. Membranes grown at mid-temperatures reveal virtually identical spectra where the frequency of the main peak corresponds to that of the E 2h mode of wurtzite InAs [71] . This indicates the wurtzite crystalline phase of membranes grown at such temperatures, which was further confirmed by polarization-dependent measurements on single nano-wings (not shown). In the case of membranes grown at the highest temperature (540 • C) the main peak clearly blue-shifts, approaching the value of the TO mode in zinc-blende InAs. This could be due to an increased zinc-blende proportion in the membranes for such temperature. In order to confirm so, high-resolution transmission electron microscopy (HRTEM) was performed. Figure 6(b) is an HRTEM analysis on a representative InAs nano-membrane. The electron diffraction pattern of the framed area, indicates that zinc-blende crystalline structure is the main phase in the membrane wing. This constitutes the initial steps towards crystal-phase control in self-catalyzed InAs nanostructures on Si, which is predicted to be the key development for crystal-phase engineering [72] .
Conclusions
We recently reported on a new form of III-V compound semiconductor nanostructures growing epitaxially as vertical V-shaped membranes on Si[001]. Here we studied how to control the morphology of the membranes by changing the growth conditions. In particular we have systematically examined the role of the V/III ratio, substrate temperature, mask opening size and inter-holes distances in determining the size and shape of the structures. We found that the membranes form by combining growth mechanisms of nanowires and Stranski-Krastanov type quantum dots. In analogy with nanowires, the length of the membranes strongly depends on the growth temperature and the V/III ratio; the inter-hole distance of the sample determines two different growth regimes: a competitive growth for small distances and an independent regime for larger ones. In analogy with quantum dots, the width of the membranes increases with the growth temperature and does not exhibit dependence on the V/III ratio. Our results constitute an important step towards controlling the design of these nanostructures. Lastly, we characterized the crystal structure of the membranes by Raman spectroscopy. We found that the percentage of zinc-blende material in the arms of the membranes depends on the temperature. The membranes grown at temperatures between 480 and 520 • C have identical spectra where the frequency of the main peak corresponds to that of the E 2h mode of wurtzite InAs. For a temperature of 540 • C the peak is slightly blue-shifted, towards the position of the TO mode in zinc-blende InAs and indicating an increase in the zinc-blende proportion, as confirmed by HRTEM. This result constitutes the initial steps towards crystal-phase control.
